. The efficacy of transsphenoidal surgery was judged by an evaluation of the extent of resection that could be achieved during a single operation and its relation to postoperative outcome, especially with respect to findings of an ophthalmological and endocrinological assessment. Figure 1 depicts the basic operating room setup. The MR imager, a 0.2-tesla Magnetom Open (Siemens AG, Erlangen, Germany), is located in a radiofrequency shielded operating room. 25 The patient was placed supine on the sliding table of the MR imager. The patient's head was placed on a cushion, at a distance of 1.5 m from the center of the magnet (Fig. 2a) . This location corresponds to a magnetic field strength of 5 to 10 gauss. After induction of general anesthesia, a flexible standard MR coil is placed around the forehead of the patient (Fig. 2b) . To facilitate an exact approach to the sellar floor, a titanium needle or a plastic tube filled with gadolinium-diethylenetriamine pentaacetic acid was inserted into the patient's nose and either T 1 -or T 2 -weighted sequences were measured (details are given later; Fig. 3 ). Sterile draping was applied afterward and surgery was begun (Fig. 2c) . A conventional operating microscope was used, with the body of the microscope placed outside the 5-gauss line. For safety reasons, MR-compatible instruments (Medizintechnik Dauerer, Ipsheim, Germany), which were especially developed for this purpose, 9 were used in the treatment of the first 12 patients of this series. As we gained more experience, we increased our use of standard operating instruments, but we continued to use the MR-compatible speculum, which was applied for intraoperative measurements. The sellar floor was approached via the transnasal or sublabial transsphenoidal route. To drill the sellar floor, a standard diamond drill (ChiroMed, Hirschaid, Germany) was used in the first 15 patients. Later, porcelain-coated drills (Zeppelin, Pullach, Germany) were selected. After a wide opening was made in the sellar floor, the tumor was always removed as completely as possible. A piece of bone wax was then attached along the remnants of the sellar floor for optimal delineation of the shape of the sella turcica during intraoperative imaging. To perform intraoperative imaging, the table was moved into the center of the magnet (Fig. 2d) . Imaging could be started in less than 1 minute. During a routine setup, coronal and sagittal T 1 -weighted sequences were obtained; in select cases, such as patients with cystic adenomas, T 2 -weighted sequences were also used. The details of the sequences we used are listed in Table 2 . After intraoperative imaging, the bone wax was removed. Depending on the results of the intraoperative imaging, either a second look was taken to inspect areas that appeared suspicious for remaining tumor or immediate closure of the sellar floor by using fascia lata was performed. In cases in which there was additional tumor removal, MR imaging was repeated.
To assess the reliability of intraoperative evaluation of tumor resection, the intraoperative findings were compared with the surgeon's estimation of the extent of tumor removal, which had been documented prior to intraoperative imaging. The results of intraoperative imaging were classified as nonrelevant, relevant, and highly relevant according to the scheme depicted in Fig. 4 . Furthermore, findings on intraoperative MR images were compared with those observed on conventional postoperative 1.5-tesla MR images obtained 2 to 3 months after surgery. The local ethical committee approved the use of intraoperative MR imaging, and informed consent was obtained from all patients.
Results
Approximately 30 seconds after the surgeon decided that he had finished the resection, MR imaging was initiated. Because the time required for sagittal and coronal T 1 -weighted images was 8.75 minutes each, a complete set of images was available after a total of 18 minutes. In eight patients, an additional 12.4 minutes were used to perform both sagittal and coronal T 2 -weighted imaging. In cases in which additional tumor removal was pursued after a second look at the operative field, T 1 -weighted imaging was repeated at the end of surgery. A third look was never taken.
Among the 44 patients with pituitary adenomas who underwent transsphenoidal pituitary surgery (for details see Table 1 ), evaluation of intraoperative images was limited to 13 patients (Cases 3, 9, 12, 13, 14, 19, 23, 26, 29, 30, 36, 37, and 41) either because there were artifacts disturbing image interpretation of the sellar region (for example, drill artifacts from metal debris; Fig. 5 ) or because blood in the resection cavity was indistinguishable from tumor remnants (Fig. 6 ). After the introduction of porcelain-coated drills, the number of severe artifacts due to drilling decreased. With increasing experience in image interpretation, as well as repeated intraoperative imaging and the application of T 2 -weighted sequences, further evaluation was possible in four patients. (Case 13) depicts intraoperative images indicative of some residual tumor. Because the surgeon was convinced that he had completely removed the adenoma, imaging was repeated using a coronal T 2 -weighted sequence (Fig. 7c) , which served to confirm complete resection of the lesion. A repeated sagittal T 1 -weighted sequence demonstrated that the suprasellar fold must meanwhile have descended (Fig. 7g) . Follow-up MR images obtained 3 months later displayed total tumor removal ( Fig. 7d and 7h) . In an additional patient who was not included in the present study, intraoperative imaging was not possible due to an instability of the magnetic field. Tuning of the coil failed and MR imaging could only be performed 2 hours after surgery.
In 12 patients intraoperative imaging demonstrated primary total removal of the tumor (Fig. 8) .
In nine patients (20%) findings on intraoperative images raised the suspicion that there may be some residual tumor, but a second look revealed no tumor remnant, which was confirmed by imaging studies performed 3 months after surgery in seven of the patients. In the remaining two patients, postoperative MR images depicted a small suprasellar tumor remnant in one (Case 12) and raised suspicion that there may be remaining tumor in the right cavernous sinus in the other (Case 36); in both cases, postoperative MR imaging findings corresponded to those on intraoperative images (Fig. 5) . Thus, intraoperative imaging resulted in false-positive evaluations in seven patients (16%), but no false-negative results.
In 24 patients (54%), a repeated inspection of the surgical field was performed. This led to further tumor removal in 15 (34%) of 44 patients (Fig. 9) . In 12 of these 15 patients, resection could be completed. This increased the rate of complete removal from 43 (19 of 44 patients) to 70% (31 of 44 patients) in this series of hard-to-treat tumors. In 13 patients, an extensive suprasellar portion that did not descend during surgery or a parasellar tumor extension necessitated subsequent transcranial surgery, radiation therapy, or surveillance. In one patient with acromegaly (Case 6), postoperative radiation therapy was administered because the patient displayed persistently elevated growth hormone levels, despite the fact that postoperative as well as intraoperative imaging had indicated complete tumor removal.
An incomplete resection was estimated by the surgeon in nine cases in which he did not find a strategy to remove further tissue attached within folds of the descending diaphragm. This incomplete resection was confirmed using intraoperative MR imaging in all cases. Information on the localization of the remaining tumor led to further removal in three patients. In two cases the surgeon was uncertain whether he had totally removed the tumor. In one patient (Case 26), the intraoperative image raised the suspicion that there may be some remaining tumor, but this was not convincing enough to perform a second look because this was a repeated operation for a recurrent large tumor. In the other patient (Case 35), intraoperative MR images clearly depicted some remaining tumor and a second look was performed; as a result, complete tumor removal was achieved. In 33 patients, the surgeon suspected that he had completely removed the tumor, but the results of intraoperative imaging led to a second look, with additional tumor removal in nine patients (27%).
Analyzing the diagnostic relevance of intraoperative MR imaging according to the scheme displayed in Fig. 4 , intraoperative MR imaging was classified as not relevant FIG. 4. Decision diagram designed to evaluate the relevance of intraoperative MR imaging in transsphenoidal surgery. It is based on the surgeon's estimation of the extent of the resection, the findings on intraoperative MR imaging, and the conclusions drawn. The total number of patients in each category is shown. Shading in the boxes indicates the following: black squares, highly relevant; gray squares, relevant; white squares, not relevant. c = complete; i = incomplete; ? = undecided. in 27%, relevant in 39%, and highly relevant in 34% of cases.
In 26 patients, early postoperative low-field MR imaging was performed within the 1st postoperative week. Swelling of the cavernous sinus (10 patients) as well as blood in the resection cavity (five patients; Fig. 6c ) inhibited definitive image interpretation and, thus, complete tumor removal could only be confirmed in six patients. This contrasted markedly with the results of routine MR imaging examinations performed 2 to 3 months after surgery, which revealed that in these 26 patients complete tumor removal had been achieved in 21. In all but one patient, visual and endocrine deficits improved or were unchanged after transsphenoidal surgery (Table 1 ). In one patient (Case 19), a temporary decrease in visual acuity occurred, which most likely was due to a herniation of the optic chiasm into an empty sella turcica. There were no infections in this series of patients and no cerebrospinal fluid leaks necessitating repeated operations.
Discussion
The development of low-field MR magnets with a socalled open configuration, with either a horizontal or a vertical gap, recently allowed the introduction of MR imagers into the operating room. The General Electric Signa SP 0.5-tesla system in Boston 4 and the Siemens Magnetom Open 0.2-tesla imagers in Heidelberg 27 and Erlangen 10, 25 were the first systems used in a clinical setup. To date, besides the first reports by Bohinski, et al., 5 Hlavin and colleagues, 14 Martin, et al., 18 and Pergolizzi and associates, 21 all of which demonstrated the feasibility of performing intraoperative MR imaging during transsphenoidal surgery, only anecdotal reports on the use of intraoperative MR imaging to evaluate the extent of tumor removal in transsphenoidal surgery have been published. 3, 4, 17, [23] [24] [25] In contrast with hormonally active lesions in which endocrinological assessment serves as quality control of a resection, in non-hormone-secreting lesions a morphological assessment of the radicality of tumor resection is still required and is the most sensitive diagnostic tool for such lesions. Because there may be immediate postoperative artifacts, this information can only be gained 2 to 3 months after the operation.
In our series of 44 patients who underwent surgery via a transsphenoidal approach, intraoperative MR imaging allowed us to evaluate the extent of tumor resection in the majority of cases. In 30% of all patients, the interpretation of intraoperative MR imaging was impeded by the presence of artifacts. Problems of image interpretation were caused either by artifacts from metal debris from the diamond drills or by blood in the resection cavity mimicking remaining tumor. It proved to be helpful to use porcelain-coated drills, which minimized the extent of drilling artifacts caused by metal debris. Blood in the resection cavity may be differentiated from remaining tumor with the help of new sequences, which are heme sensitive. 21 Among these 13 patients, intraoperative imaging was suggestive for remaining tumor in nine, but repeated intraoperative inspection of the suspicious areas revealed no tumor remnants. In two of these nine patients, however, postoperative control MR images obtained after 3 months depicted some tumor remnants, thus resembling the intraoperative findings. This reduced the rate of false-positive intraoperative MR findings to 16%. In an additional patient, technical problems prevented intraoperative imaging and therefore the patient was excluded from the study.
On the other hand, in nine (27%) of 33 patients, intraoperative MR imaging proved that the estimation of surgeons regarding resection completeness was incorrect. In all of these patients, the second look, that is, the repeated inspection of the surgical field during the same operative procedure, led to additional tumor removal. A further inspection of the surgical field was performed in more than half of all patients. In 15 of them, remaining tumor was found and a more radical resection could be achieved. Thus, intraoperative imaging guided the surgeon to increase the extent of resection in 34% of all patients. The knowledge of the exact localization of the remaining tumor allowed the surgeon to remove it by a more intense probing of individual arachnoidal folds in the right direction. No maneuvers were performed to facilitate tumor delivery between the primary resection and the second look.
In this study, because a highly selective subset of large
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FIG. 7. Case 13. Coronal (a-d) and sagittal (e-h) MR images obtained in a 46
-year-old woman with a large, partially cystic, intra-and suprasellar, endocrinologically asymptomatic pituitary adenoma. a and e: Preoperative images. b and f: Intraoperative images that raise the suspicion of remaining tumor. c and g: Because the surgeon was sure he had completely removed the tumor, repeated imaging with a T 2 -weighted sequence was performed (c). In the meantime, the suprasellar fold had descended, which is confirmed by an additional sagittal T 1 -weighted image (g). d and h: Followup MR images obtained later served to confirm total tumor removal. and invasive pituitary adenomas was investigated, a large percentage (57%) of primarily incomplete resections resulted. Intraoperative MR imaging could increase the rate of complete tumor removal from 43 to 70%. Only in one patient was there a postoperative complication, with a temporary decrease in visual acuity associated with a secondary empty sella turcica. In all other patients, no ophthalmological or endocrinological impairment was observed. The increase in the completeness of resection indicates that intraoperative MR imaging allows the surgeon to increase the high efficacy of transsphenoidal surgery without the risk of increased complications.
In 30% of all patients, residual tumor necessitated additional treatment, such as transcranial surgery, radiation therapy, or surveillance. These treatment options could be planned directly after the initial surgery. There was no need to wait for 2 to 3 months for the results of reliable and artifact-free postoperative imaging and, thus, early plans for further management such as transcranial operation could be made. In contrast with intraoperative imaging, early postoperative MR studies performed a few days after surgery failed to show the extent of the resection reliably. In a significant proportion of cases, the apparent extent of the mass lesion postoperatively even exceeded the dimensions observed before surgery. 7 Therefore both early CT and MR imaging studies are unsuitable means to assess the extent of tumor resections. The advantage of intraoperative imaging is that it compares well with delayed postoperative investigations, which are generally accepted as the standard diagnostic postoperative procedures. Furthermore, intraoperative imaging may be used to detect intraoperative complications. 5 An analysis of the relevance of intraoperative MR imaging in transsphenoidal surgery classified intraoperative MR imaging as relevant in 39% of cases and highly relevant in 34%. Regarding cost-benefit analyses, the costs of intraoperative MR imaging can be compensated for by subtracting the costs of routine postoperative high-field MR imaging examinations performed 3 months after surgery, which now can be abandoned, at least in cases in which intraoperative imaging has confirmed total tumor removal.
In our intraoperative MR imaging setup, a short intraoperative patient transport is provided. It allows nearly unrestricted use of standard instruments and microscopes, because surgery is performed in the fringe field of the scanner at the 5-gauss line. Only the nasal speculum used at the time of the MR imaging examination must be MR compatible. In contrast, the use of dedicated intraoperative MR systems, such as the GE Signa SP double-doughnut MR magnet, necessitates the use of fully MR-compatible instruments, because the entire surgical procedure is performed within the center of the magnet at a magnetic field strength of 0.5 tesla. 4, 18 In comparison with our setup, the degree of freedom for the surgeon during surgery certainly is more restricted. Of course, positioning the patient within the magnet has the advantage of immediate imaging, allowing nearly online control of a resection.
Providing orientation by visualization of osseous anatomical landmarks, x-ray fluoroscopy is a useful guide to approaching the sellar floor. 13 Now, however, x-ray fluoroscopy can be replaced by the use of MR-compatible probes such as a titanium needle or a gadolinium-filled plastic tube.
In addition to the Magnetom Open and Signa SP MR imagers, which are used for intraoperative MR imaging in transsphenoidal surgery, other systems such as the 0.3-tesla Hitachi Airis II 5 and the 0.12-tesla Odin Polestar N-10 11 have been introduced into the operating room. The concept of the Hitachi system resembles our setup, and that of the Odin system resembles the double-doughnut setup. All different low-field MR systems in use are still prototypes and the system that combines optimal patient access with optimal imaging and the shortest time consumption has still to be developed. The recent introduction of high-field MR imaging systems into the operating room 12, 16, 26 may be the next step in intraoperative imaging. High-field MR imaging systems not only allow shorter imaging times with better resolution, but also provide additional imaging modalities. Besides a broader sequence spectrum that may allow better delineation between remaining tumor and artifacts, MR angiography may be of special interest in transsphenoidal surgery.
At the present time, for transsphenoidal surgery intraoperative MR imaging seems to be superior to other imaging modalities. In a study performed by Okudera, et al., 20 intraoperative CT scanning was shown to provide reliable evaluation of the extent of suprasellar tumor removal; however, this method has not gained widespread acceptance. Intraoperative CT scanners, as fixed or mobile systems, 6 lack the ability to demonstrate a high soft-tissue contrast and have the drawback of delivering radiation. Nevertheless, besides the addition of a radiopaque carbon fiber speculum, standard operating equipment can be used. 20 Intraoperative ultrasound 2, 8, 22, 28 and Doppler ultrasonography 1, 29 are other imaging alternatives that have been used successfully for intraoperative visualization of microadenomas in cases of Cushing disease, as well as for evaluation of the extent of tumor resection in surgery of macroadenomas.
Our main indication for the use of intraoperative MR imaging in transsphenoidal surgery is a large tumor with a distinct suprasellar extension. In cases in which there are drilling artifacts that may impede proper image interpretation, it is possible to evaluate the extent of the suprasellar resection, but intra-and parasellar structures may not be easily identified. Directly after resection of a pituitary tumor, an expansion of the cavernous sinus may occur. This sometimes impedes proper interpretation of the extent of intrasellar resection. Small intrasellar lesions or lesions that invade the cavernous sinus are not ideal candidates for intraoperative MR imaging, because it is very difficult to differentiate among residual tumor, normal pituitary gland, structures of the cavernous sinus, and blood remaining in the resection cavity. Perhaps in these difficult cases, intraoperative ultrasonography will be of further assistance. Restricted visibility of the supra-and parasellar tumor extension in transsphenoidal surgery initially led to the development of mirrors to enhance the visual field. The use of endoscopes in transsphenoidal surgery 9, 15 further enhances the extent of the visual field and provides a classic means of intraoperative imaging. Unfortunately, tumor remnants that are hidden, for example, in a suprasellar fold, may not be visible, even with the use of modern sophisticated optical equipment. In these select cases, intraoperative MR imaging provides a reliable tool to assess the extent of the tumor resection and may further improve the high efficacy of transsphenoidal microsurgery.
Conclusions
Intraoperative MR imaging allows us to document the extent of a resection during transsphenoidal microsurgery of large intra-and suprasellar pituitary adenomas. In par-
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Intraoperative MR imaging undoubtedly offers the option of a second look within the same surgical procedure if incomplete tumor resection is suspected. Thus, the success rate of procedures during which complete tumor removal is achieved can be improved. Furthermore, additional treatment in cases of incomplete tumor removal can be planned at an early stage, that is, just after surgery.
